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DS-SE Challenges 
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Issues, Challenges & Opportunities 

Available Measurements in Distribution Feeders 

 Substation Data 

 Recloser Data 

 Capacitor Control Data 

 Smart Meter data (secondary) 

 Customer Owned Distributed Resources with Metering 

  State Estimation is Extended to Customer Systems 

 Need to integrate existing measurements that may be at varying time 

 scales 

 

Typically not Enough for Full Observability 

 Feeder Sections May Be not Observable 

 Need to augment measurements set (virtual, derived, pseudo) 

 

Implementation Approaches Become Important 

 Multiphase Modeling is a Necessity 

 Many More Power Devices than Transmission Systems 

 Measurement data at disparate time scales (very important obstacle) 
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Object Oriented DS-SE 
Formulation Use Existing Measurements 

Supplement with 
 Virtual, Derived, and Pseudo-measurements 

Distributed State Estimation:  

Arbitrarily partition DS into Sections  

Need: At Least One GPS Sync Meas 

At Each Section 
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Object Oriented DS-SE 

Across (Voltage) Measurement: 

Object Oriented Model 
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Through (Current, Torque, etc.) Measurement: 
Measurement              represents a quality associated 
with one row of the Object oriented model 
 

)(tz j

j  Model OrientedObject  ofk  row  )(~ tz j

Row k 

QSE states are 
Phasors, Speed, etc 
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Distributed State Estimation 
Virtual Measurements - Examples 

321

~~~
0 III 

Virtual Measurement 

deviation standard0

value0





m

mz



Any Equation of a 

Model Used in the 

State Estimation 
 
Example: The Equation for the 
Transformer Internal Voltage 
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Distributed State Estimation 
Derived and Pseudo-Measurements - Examples 
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Distributed State Estimation 
Pseudo-Measurements - Examples 

In a Feeder, 
there may be 
sections without 
instrumentation 
 
Pseudo-Measur. 
Can Provide the 
Link Towards Full 
Observability 
 
An example is 
shown 
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Distributed SE Measurement Set 
Non-Synchronized Measurements 

j
meassync eAA

~~


α is a synchronizing unknown variable 

cos(α) and sin(α) are unknown variables in the state estimation algorithm 

There is one α variable for each non-synchronized relay 

)cossin(

sincos

~~







imagreal

imagreal

j

meassync
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Non-GPS Synchronized Relays provide phasors referenced on “phase A 

Voltage”. The phase A Voltage phase is ZERO. 

The SuperC provides a reliable and accurate estimate of the phase A voltage 

phasor. 
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DS-SE: Algorithm 





synnonphasor

JMin
 



 










22

* ~~

Solution 

  xhzAxx   1

   WHWHHA TT 1
where: 

Efficiency 
Demonstrated the ability to execute the state estimator 60 times per second 

for substantial size substations. 

There is still space for improved computational efficiency. 
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Demonstration Projects 
Application to PV Farms (1.16 MW Array) 
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What is Monitoring via State Estimation?  
Implementation: Inclusion of Both AC and DC sides 

System is Represented with a Set of Differential Equations (DE) in terms of the system state 
SYSTEM STATE: Voltages at each node of the system (see example system) 
The State Estimator Fits the Streaming Data to the Model of the System via a least square approach. 
END RESULT: Best estimate of system state, i.e. voltages at each node 

The Estimator is Defined 
in Terms of: 
• Model 
• State 
• Measurement Set 
• Estimation Method 

 
Observability 
 
Redundancy 
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1.16 MW 

PV Array 

 

4224 Panels (270-280W) 

2 Solarex Inverters (500kW each) 

10 Combiners per Inverter 
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Field Demonstration 
1.16 PV Array 

14 
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Model 

Overview 
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Buckman PV Array WinIGS Model 

 

16 
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Buckman PV Array WinIGS Model 
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Buckman PV Array WinIGS Model 
PV Module Model: PV Strings, PV String model, Converter Model 

18 

Photovoltaic Array Model 

Inverter Model 

Accept

Cancel10 Strings of 22 Solar Modules, SCB 01 (10 SCB per Inverter)

Bus Name

GRP01-S01

Circuit Name

1

  Photovoltaic Array Model

Import Insolation Data

Open Circuit Voltage 880.0

kW

V

Short Circuit Current 82.0

Rated Power 58.0

Characteristics at 1000W/m2

A

OhmsSeries Resistance (Rs) 0.002

OhmsShunt Resistance (Rsh) 1000.0

R

KD

AD

sh

R
s

I-V

P-V
ImaxV:Plot:

Hours W/m2

WinIGS - Form: IGS_M261 - Copyright © A. P. Meliopoulos 1998-2013
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Field Data – 9:00 – 9:30 am (30 Samples / Sec) 

288.0 V

285.2 V

BUCKMAN_AGC_Phasor Volt CH-A_Magnitude (V)

180.0 Deg

-179.8 Deg

BUCKMAN_AGC_Phasor Volt CH-A_Angle (Deg)

487.7 A

138.0 A

BUCKMAN_AGC_Phasor Cur  CH-A_Magnitude (A)

180.0 Deg

-179.9 Deg

BUCKMAN_AGC_Phasor Cur  CH-A_Angle (Deg)

440.7 V

416.0 V

BUCKMAN_AGC_V_PVGRP1DC_PO_Magnitude (V)

451.0 A

144.5 A

BUCKMAN_AGC_C_PVGRP1AC_PVGRP_Magnitude (A)

February 24, 2013 - 10:59:50.666667 February 24, 2013 - 11:29:48.966667
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288.7 V

286.1 V

BUCKMAN_AGC_Phasor Volt CH-A_Magnitude (V)

180.0 Deg

-179.9 Deg

BUCKMAN_AGC_Phasor Volt CH-A_Angle (Deg)

521.0 A

220.9 A

BUCKMAN_AGC_Phasor Cur  CH-A_Magnitude (A)

179.9 Deg

-180.0 Deg

BUCKMAN_AGC_Phasor Cur  CH-A_Angle (Deg)

438.5 V

410.0 V

BUCKMAN_AGC_V_PVGRP1DC_PO_Magnitude (V)

605.2 A

236.3 A

BUCKMAN_AGC_C_PVGRP1AC_PVGRP_Magnitude (A)

February 24, 2013 - 11:29:55.466667 February 24, 2013 - 11:59:48.966667

Field Data – 9:30 – 10:00 am (30 Samples / Sec) 
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288.1 V

285.3 V

BUCKMAN_AGC_Phasor Volt CH-A_Magnitude (V)

179.7 Deg

-180.0 Deg

BUCKMAN_AGC_Phasor Volt CH-A_Angle (Deg)

387.0 A

138.9 A

BUCKMAN_AGC_Phasor Cur  CH-A_Magnitude (A)

180.0 Deg

-179.8 Deg

BUCKMAN_AGC_Phasor Cur  CH-A_Angle (Deg)

426.7 V

390.7 V

BUCKMAN_AGC_V_PVGRP1DC_PO_Magnitude (V)

430.4 A

161.0 A

BUCKMAN_AGC_C_PVGRP1AC_PVGRP_Magnitude (A)

February 24, 2013 - 12:29:51.666667 February 24, 2013 - 12:59:48.966667

Field Data – 10:30 – 11:00 am (30 Samples / Sec) 
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Field Data – 11:00 – 11:30 am (30 Samples / Sec) 

289.7 V

288.0 V

BUCKMAN_AGC_Phasor Volt CH-A_Magnitude (V)

180.0 Deg

-180.0 Deg

BUCKMAN_AGC_Phasor Volt CH-A_Angle (Deg)

562.8 A

389.5 A

BUCKMAN_AGC_Phasor Cur  CH-A_Magnitude (A)

179.9 Deg

-180.0 Deg

BUCKMAN_AGC_Phasor Cur  CH-A_Angle (Deg)

422.2 V

391.3 V

BUCKMAN_AGC_V_PVGRP1DC_PO_Magnitude (V)

626.7 A

430.5 A

BUCKMAN_AGC_C_PVGRP1AC_PVGRP_Magnitude (A)

February 24, 2013 - 12:59:52.266667 February 24, 2013 - 13:29:48.966667
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Synchrophasor Field Data Snapshot 



 Copyright 2019, Meliopoulos Power System Automation Laboratory  –  Page  24 

 

Demonstration Projects 
ENERGIZE Project: Voltage Regulation and Protection 

Assurance using DER Advanced Grid Functions (lead: SNL) 
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Demonstration Example – PNM LOHO13 Feeder 

• LOHO13 Reduced Feeder 
Model (15-three-Phase buses) 
provided by PNM. 

• Rated Voltage: 12.47 kV/0.48 
kV 

• The feeder is separated into 
two sections, with each section 
containing a state estimator. 

• Each state estimator runs 
quasi-dynamic state estimation 
in the local section and outputs 
the estimated states, 
estimated measurements, and 
validated model to the master 
state estimator. 

LOHO13 Reduced Feeder Model 
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LOHO13 Feeder – Section 1 

System Configuration: 

• 2 three-phase two-winding XFMRs (115/12.47 kV, 12.47/0.48 kV) 

• 6 three-phase distribution line segments 

• 1 three-phase load (0.48 kV) 

• 12 single-phase loads (feed: 7.2 kV) 

• Total load consumption: 683.6 kW, 126.71 kVar 

• 1 PV source (0.48 kV, 258 kW) 

Measurements from Section 1 (7 IEDs) 

IED Name 
Voltage 

Measurements 

Current 
Measurements 

# of 
Measurements 

IED1_B01 
AN, BN, CN at 

B01 

A, B, C at B01, from 
B01 to B02 (Tran1) 

6 

IED2_B11 
AN, BN, CN at 

B11 

A, B, C at B11, from 
B11 to B02 (Line149) 

6 

IED3_B05 
AN, BN, CN at 

B05 

A, B, C at B05, from 
B05 to B06 (Line59) 

6 

IED4_B09 
AN, BN, CN at 

B09 

A, B, C at B09, from 
B09 to B10 (Line105) 

6 

IED5_B10 
AN, BN, CN at 

B10 

A, B, C at B10, from 
B10 to B15 (Tran20) 

6 

IED6_B15 
AN, BN, CN at 

B15 

A, B, C at B15, into the 
PV Source (PVSy3) 

6 

IED15_B05   
A, B, C at B05, from 

B05 to B09 (Line135) 
3 
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LOHO13 Feeder – Section 1 

• Section 1 (7 IEDs installed) 
– 18 voltage & 21 current phasor measurements, 78 actual measurements in total. 

– 120 type I derived measurements, 30 type II derived measurements, 42 virtual measurements, 
and 14 pseudo measurements. 

– States: 114, Measurements: 284, Redundancy: 249.12%. 

– 60-second event, sampling rate: 60 samples/second, PV output changes during the event. 

Measurements from IED2_B11 (located at bus B11) 

 7.187

 7.190

 7.193

 7.196

k
V

V_B11_AN_M
V_B11_BN_M
V_B11_CN_M

  -180

   -60

    60

   180

D
e
g V_B11_AN_P

V_B11_BN_P
V_B11_CN_P

311.12

318.81

326.51

334.20

A

C_B02_B11_1_B11_A_M
C_B02_B11_1_B11_B_M
C_B02_B11_1_B11_C_M

  -180

   -60

    60

   180

D
e
g C_B02_B11_1_B11_A_P

C_B02_B11_1_B11_B_P
C_B02_B11_1_B11_C_P

   0.0   10.0   20.0   30.0   40.0   50.0   60.0

Time (Seconds)

279.090

279.566

280.041

280.516

V

V_B15_AN_M
V_B15_BN_M
V_B15_CN_M

  -180

   -60

    60

   180

D
e
g V_B15_AN_P

V_B15_BN_P
V_B15_CN_P

 283.5

 347.0

 410.5

 474.1

A

C_B15_PQB15_1_B15_A_M
C_B15_PQB15_1_B15_B_M
C_B15_PQB15_1_B15_C_M

  -180

   -60

    60

   180

D
e
g C_B15_PQB15_1_B15_A_P

C_B15_PQB15_1_B15_B_P
C_B15_PQB15_1_B15_C_P

   0.0   10.0   20.0   30.0   40.0   50.0   60.0

Time (Seconds)

Measurements from IED6_B15 (located at bus B15) 
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LOHO13 Feeder – Section 1 

• State Estimation Results – Measurements & Estimated Measurements 

Section 1
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LOHO13 Feeder – Section 1 

• State Estimation Results 

Snapshot of SE Voltage Measurement Report, Section 1 

Confidence Level of Section 1 

• Estimated measurements track the measurements accurately. 

• All errors are small. 

• Confidence level of section 1 remains at 100%  the estimated states of this section are 
trustworthy, the system model of this section is validated. 
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LOHO13 Feeder – Section 2 

System Configuration: 

• 8 three-phase distribution line segments 

• 1 three-phase load (12.47 kV, 1885 kW, 1292 kVar) 

• 1 capacitor bank (12.47 kV, 1800 kVar) 

• 2 PV source 

– PV at bus B14 (12.47 kV, 1 MW) 

– PV at Bus B12 (12.47 kV, 10 MW) 

Measurement from Section 2 (10 IEDs) 

IED Name 
Voltage 

Measurements 
Current Measurements 

# of 
Measure

ments 

IED7_B06 
AN, BN, CN at 

B06 

A, B, C at B06, from B06 
to B05 (Line59) 

6 

IED8_B13 
AN, BN, CN at 

B13 

A, B, C at B13, from B13 
to B14 (Line196) 

6 

IED9_B14 
AN, BN, CN at 

B14 

A, B, C at B14, into the PV 
Source (PVSy2) 

6 

IED10_B08 
AN, BN, CN at 

B08 

A, B, C at B08, from B08 
to B07 (Line97) 

6 

IED11_B07 
AN, BN, CN at 

B07 

A, B, C at B07, into the 
capacitor bank (Capa1) 

6 

IED12_B03 
AN, BN, CN at 

B03 

A, B, C at B03, from B03 
to B04 (Line4) 

6 

IED13_B04 
AN, BN, CN at 

B04 
3 

IED14_B12 
AN, BN, CN at 

B12 

A, B, C at B12, into the PV 
Source (PVSy1) 

6 

IED16_B06 
A, B, C at B06, from B06 

to B13 (Line167) 
3 

IED17_B06   
A, B, C at B06, from B06 

to B08 (Line188) 
3 



 Copyright 2019, Meliopoulos Power System Automation Laboratory  –  Page  31 

LOHO13 Feeder – Section 2 

• Section 2 (10 IEDs installed) 
– 24 voltage & 27 current phasor measurements, 102 actual measurements in total. 

– 66 type I derived measurements, 14 type II derived measurements, 20 virtual measurements, 
and 16 pseudo measurements. 

– States: 88, Measurements: 218, Redundancy: 247.73%. 

– 60-second event, sampling rate: 60 samples/second , PV output changes during the event. 

 7.325

 7.328

 7.331

 7.334

k
V

V_B14_AN_M
V_B14_BN_M
V_B14_CN_M

  -180

   -60

    60

   180

D
e
g V_B14_AN_P

V_B14_BN_P
V_B14_CN_P

372.68

379.01

385.34

391.67

A

C_B14_PQB14_1_B14_A_M
C_B14_PQB14_1_B14_B_M
C_B14_PQB14_1_B14_C_M

  -180

   -60

    60

   180

D
e
g C_B14_PQB14_1_B14_A_P

C_B14_PQB14_1_B14_B_P
C_B14_PQB14_1_B14_C_P

   0.0   10.0   20.0   30.0   40.0   50.0   60.0

Time (Seconds)

 7.313

 7.317

 7.320

 7.324

k
V

V_B12_AN_M
V_B12_BN_M
V_B12_CN_M

  -180

   -60

    60

   180

D
e
g V_B12_AN_P

V_B12_BN_P
V_B12_CN_P

 36.41

 40.99

 45.57

 50.15

A

C_B12_PQB12_1_B12_A_M
C_B12_PQB12_1_B12_B_M
C_B12_PQB12_1_B12_C_M

  -180

   -60

    60

   180
D

e
g C_B12_PQB12_1_B12_A_P

C_B12_PQB12_1_B12_B_P
C_B12_PQB12_1_B12_C_P

   0.0   10.0   20.0   30.0   40.0   50.0   60.0

Time (Seconds)

Measurements from IED9_B14 (located at bus B14) Measurements from IED14_B12 (located at bus B12) 



 Copyright 2019, Meliopoulos Power System Automation Laboratory  –  Page  32 

LOHO13 Feeder – Section 2 

• State Estimation Results – – Measurements & Estimated Measurements 

Section 2
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LOHO13 Feeder – Section 2 

• State Estimation Results 

Snapshot of SE Current Measurement Report, Section 2 

Confidence Level of Section 2 

• Estimated measurements track the measurements accurately. 

• All errors are small. 

• Confidence level of section 2 remains at 100%  the estimated states of this section are 
trustworthy, the system model of this section is validated. 
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34 

An Object Oriented Implementation of a Distribution System 

State Estimation Enables Full Observability of the Distribution 

System and Customer Owned Resources. State Estimation 

enables: (a) validation of data, and (b) extent the observability of 

the distribution system beyond the existing instrumentation. The 

DS-SE enables many applications: 

 

Utility 

 Optimize voltage along feeder by  

  cap control 

  distributed resource control, etc. 

Customer/Third Party Resources  

 Example: PV Model Validation 

 Identify Panel Deterioration, Faulty Panels, etc. 

 Determine root cause of disturbances 

Conclusions: Technology Capabilities   
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Questions? 


